The first green biorefinery of larch wood based on the fractionation of biomass into dihydroquercetin (DHQ), arabinogalactan (AG), microcrystalline cellulose (MCC) and soluble lignin (SL) is reported. The new green method of one-step isolation of DHQ and AG from larch wood by ethanol-water solution was developed. The first results of kinetic studies and optimization of the process of extracted larch wood peroxide fractionation into MCC and SL in acetic acid-water medium in the presence of green TiO 2 catalyst are described. The products obtained from larch wood were characterized by FTIR, NMR, XRD, AFM and chemical methods. The scheme of larch wood biorefinery is suggested which integrates the developed processes of woody biomass fractionation into DHQ, AG, MCC and SL. All developed methods use non-toxic and less-toxic reagents, such as water, ethanol, hydrogen peroxide and acetic acid.
Introduction
Annual growth of plant biomass exceeds by far the requirements of mankind for fuel and chemical products (Davis et al. 2014; Naik et al. 2010) . Actually, from the components of plant biomass, it is possible to obtain the entire range of products of modern petrochemical synthesis, as well as unique natural compounds, in particular physiologically active substances. Lignocellulosic biomass mainly consists of cellulose, hemicelluloses and lignin (Rowell 2012; Sjöström 1993) . These plant polymers are structured in plant cells in a complex way, and the lignocellulosic biomass is quite resistant to chemical reagents and enzymes. Therefore, in industrial pulp and hydrolysis processes, chemically aggressive and environmentally hazardous reagents, elevated temperatures and pressures are used (Sixta 2006) .
Traditional catalysts for biomass conversion processes are corrosive and environmentally hazardous mineral acids. The problems of their use are associated with the occurrence of side reactions and with the difficulties in separation of target products and catalyst from the reaction medium.
Current research trends in the development of new efficient processes of lignocellulosic biomass conversion into valuable chemicals, functional polymers and biofuels are associated with the use of solid catalysts and "green" reagents (Bessone et al. 2014; Serrano-Ruiz and Dumesic 2011) . To increase the biomass reactivity and the area of contact with solid catalyst, as well as to reduce the diffusion limitations in the conversion processes, various methods of biomass activation (mechanical, mechano-chemical, chemical, etc.) are used (Zheng et al. 2009 ). In recent years, the integrated technologies of biomass complex processing have been actively explored (Zhang et al. 2015; Xu et al. 2016) .
Promising technologies include, as a key stage, the woody biomass fractionation into polysaccharides and lignin and their subsequent transformation to chemicals. The known methods of lignocellulosic biomass fractionation can be divided into two groups. In one group, the cellulose and hemicelluloses are removed and the lignin remains as a rest; in the other group, the lignin is removed.
Reductive catalytic fractionation is the known way to separate lignocellulosic biomass into lignin-based soluble mono-, di-and oligomers while retaining most of the carbohydrates in the pulp (Anderson et al. 2016 ; Van den Bosch et al. 2015) .
Catalytic oxidation of lignins by molecular oxygen in alkaline medium allows separating lignocellulosic biomass into aromatic aldehydes (mainly vanillin and syringaldehyde) and cellulose (Tarabanko et al. 2017) .
Peroxide catalytic oxidation of hardwood in acetic acid-water medium enables to achieve the effective separation of wood biomass components into microcrystalline cellulose and soluble products from lignin and hemicelluloses (Kuznetsov et al. 2015 .
Larch is the predominant coniferous species in the forests of Siberia, Canada and North America. The high density of the wood and the large amount of extractives complicate the use of larch wood in the pulp and hydrolysis industries. The most preferred way of the larch biomass processing is to obtain valuable physiologically active compounds and functional polymers (Horhammer et al. 2014) .
Most of the papers published in recent years are devoted to extractive isolation of bioactive dihydroquercetin and arabinogalactan from larch wood (Ma et al. 2012; Ravber et al. 2015) .
In earlier works, the authors proposed to carry out the catalytic fractionation of larch wood into cellulose and soluble lignin in a "hydrogen peroxide-acetic acid-water" medium at temperatures of 120-130 °C and under increased pressure in the presence of catalysts H 2 SO 4 , H 2 MoO 2 and Fe 2 (MoO 4 ) 3 (Kuznetsov et al. 2008; Kuznetsova et al. 2005) . In a recent study, the authors demonstrated the possibility of catalytic fractionation of hardwood into microcrystalline cellulose and soluble lignin under mild conditions (temperature 100 °C, atmospheric pressure) in the presence of the suspended catalyst TiO 2 .
In this study, the successful replacement of the dangerous H 2 SO 4 catalyst and the expensive Mo catalyst by non-toxic and non-corrosive TiO 2 catalyst in peroxide delignification of extracted larch wood under mild conditions is demonstrated. The green biorefinery of larch wood based on the integration of the new methods of biomass fractionation into dihydroquercetin, arabinogalactan, microcrystalline cellulose and soluble lignin is suggested.
Materials and methods
Air-dry sawdust (fraction 2-5 mm) of larch wood (Larix sibirica Ledeb) harvested in the forest area near Krasnoyarsk city was used as initial raw material. Wood composition (wt%) was cellulose 41.2, lignin 28.1, hemicelluloses 26.4 (including arabinogalactan 19.9), dihydroquercetin 2.0, ash 1.0.
Isolation of dihydroquercetin and arabinogalactan
A 2-L flask equipped with a reflux condenser was charged with 100 g larch wood, 1.5 l of water or 5-25% aqueous solution of ethanol (special purity, Sigma Tech, Russia) and heated in the steam bath for 2 h. Then, the solution was separated from the wood and concentrated under vacuum on a rotary evaporator to 60-80 ml, while stirring it was diluted with 300 ml of ethanol. The precipitated AG was separated by filtration, washed on the filter with 40-50 ml of ethanol and dried at room temperature. The mother solution in the amount of 400-430 ml remaining after separation of AG was concentrated under vacuum until complete removal of the solvent. Then, to the flask with a dry residue 350-400 ml of 96% ethanol was added, clarified with activated carbon, heated in the steam bath for 10 min and filtered through alumina oxide layer. The resulting solution was concentrated under vacuum on the rotary evaporator to completely remove ethanol. DHQ was obtained in the form of loose powder of light yellow color.
Peroxide fractionation of larch wood
Catalytic delignification of wood sawdust by H 2 O 2 was carried out using a 250 cm 3 glass reactor equipped with mechanical stirrer, reflux condenser and thermometer. Wood sawdust (10 g) was placed in the glass reactor. Then, a mixture of glacial acetic acid, hydrogen peroxide (all of special purity, Sigma Tech, Russia), distilled water and commercial TiO 2 (analytical purity, DuPont, USA) was added. The reaction mixture was vigorously stirred (700 rpm) at selected temperature (70-100 °C) for 1-4 h. The composition of the reaction mixture was varied as follows: hydrogen peroxide 3-7 wt%, acetic acid 15-40 wt%, liquid/wood ratio (LWR) 10-15.
The concentration of TiO 2 catalyst was 1 wt%, TiO 2 has an average particle size of about 10 microns, rutile phase composition and BET surface area of 3 m 2 /g. Once the reaction was completed, the solid product was separated under vacuum using a Buchner funnel and drying at 105 °C until constant weight.
The residual lignin content in the cellulosic product was used to evaluate the delignification activity of TiO 2 catalyst. The cellulosic product yield was estimated by gravimetric method and calculated as follows: Y = (m/m o ) × 100, where Y-yield of cellulosic product, wt%; m-weight of abs. dry cellulosic product, g; m o -weight of abs. dry wood, g.
Analytical methods
The content of cellulose was determined gravimetrically according to Kürschner and Hoffer method (Sjöström and Alen1999). One gram of cellulosic product was put in an Erlenmeyer flask. The mixture of 25 ml nitric acid (special purity, Sigma Tech, Russia) in ethanol (1:4, v/v) was added followed by 1-h boiling under reflux. The solid was separated from the solution using a glass filter (40 μm). The glass filter was then dried at 105 °C and weighed.
The content of hemicelluloses was calculated as the difference between the weights of holocellulose and cellulose.
The content of holocellulose was determined by gravimetric method. The cellulosic product (0.3 g), water (45 ml), glacial acetic acid (60 ml) and sodium chloride (special purity, Sigma Tech, Russia) (0.3 g) were put in a flask. The mixture was kept at 75 °C in a shaking device for 5 h. Acetic acid and sodium chloride were added after every hour. The holocellulose was separated by filtration using a glass filter (40 μm), washed, dried at 105 °C and weighed.
Acid-insoluble lignin (Klason lignin) was determined according to TAPPI (1998) . The cellulosic product (1 g) was dissolved in 15.0 ml of 72% sulfuric acid (special purity, Sigma Tech, Russia) at 20 °C while stirring for 2 h. Then, 300 ml of water was added to a flask to dilute solution to 3% concentration of sulfuric acid. The solution was boiled for 4 h, maintaining constant volume by using a reflux condenser. Then, the lignin was separated by filtration, washed by hot water and dried in an oven at 105.3 °C to constant weight.
X-ray diffraction analysis of cellulose products was performed on PANalyticalX'Pert Pro diffractometer using Cu-Ka source (A = 0.154 nm) in the 2θ range of 5°-70° and scanning step width of 0.01°/scan. The samples of cellulose were analyzed by the powder method in a cuvette with 25 mm diameter. Crystallinity index (CI) was calculated from the ratio of the height between the intensity of the crystalline peak and total intensity after subtraction of the background signal (Park et al. 2010): where I 002 -is the height of the 002 peak; I AM -is the height of the minimum between the 002 and the 101 peaks.
C NMR spectra were recorded at a temperature of 25 °C with spectrometer Bruker Avance III 600 MHz. The sample of arabinogalactan was dissolved in D 2 O (chemical purity 99.9%, AstraChem, Russia) and the sample of dihydroquercetin in DMSO-D 6 (chemical purity 99.8%, AstraChem, Russia).
Infrared spectroscopy analysis (FTIR) was performed in transmission mode. Samples of cellulose (4 mg for each) were prepared in pellet with matrix KBr. The spectra were recorded with Bruker Tensor-27 in the wavelength range of 4000-400 cm −1
. Spectral data were processed by the program OPUS/YR (version 2.2).
AFM images were obtained with the scanning probing multimode microscope Solver P47 (NT-MDT, Moscow). Transparent films of samples were prepared by evaporation of their water solutions on a flat support made of glass. The rate of scanning was 1-2 Hz, and the number of points on the scanning area was 256 × 256 or 512 × 512.
Results and discussion

Extraction of bioactive dihydroquercetin and arabinogalactan from larch wood
Bioactive dihydroquercetin (DHQ) and arabinogalactan (AG) are increasingly used in medicine, pharmaceutical and food industries (Babkin et al. 1997; Goellner et al. 2011) . AG is a promising precursor for synthesis of new bioactive polymers (Medvedeva et al. 2003) .
Larch wood contains 2.5 wt% of flavonoids and 20 wt% polysaccharide arabinogalactan. The content of DHQ (3,3ʹ,4ʹ,5,7-pentaoxy flavone) reaches 90% of the amount of flavonoids. AG is usually obtained by water extraction of larch wood (Medvedeva et al. 2003) . The known methods of DHQ isolation are based on the larch wood extraction by organic solvents, mainly by ethyl acetate and acetone. Organic solvents extract resinous substances together with DHQ, which contaminate the dihydroquercetin.
A new green method of one-step isolation of DHQ and AG by water-ethanol extraction of larch wood was developed. This method provides the simultaneous production of DHQ and AG, which are not contaminated with resinous substances.
The effect of ethanol concentration in the water solution on the yield of DHQ and AG from larch wood was studied. It was found that the maximum yield of DHQ (1.81 wt%) corresponds to the ethanol concentration of 15% and it does not increase with further rise of the ethanol content in the solution (Fig. 1a) . However, the yield of AG decreases with the rise of ethanol concentration in the water above 10% (Fig. 1b) .
As follows from the obtained data, the optimum ethanol concentration which provides a high yield of DHQ (1.8 wt%) and AG (18.0 wt%) corresponds to 15%.
It is known that the mechanical treatments can activate the lignocellulosic biomass (Gromov et al. 2016) . It was found that a preliminary mechanical treatment of larch wood in a planetary mill for 2 min allows shortening the time of the extraction of DHQ and AG from 2 to 0.5 h without reducing their yields (Table 1 ).
The structure of DHQ and AG isolated from larch wood was studied by FTIR and 13 C NMR methods. FTIR and 13 C NMR spectra of isolated compounds are given in Fig. S1-4 and Table S1 .
The FTIR spectrum of AG (Fig. S1 ) contains a strong broad band in the region of 3400 cm −1 , which corresponds to hydroxyl groups associated with hydrogen bonds. The absorption bands in the region 2900 cm −1 belong to the stretching vibrations of CH 3 -, CH 2 -and CH-groups. The bands at 1040, 1078 and 1156 cm −1 correspond to the stretching vibrations of ether bonds C-O of pyranose and furan cycles. The bands at 878 and 775 cm −1 indicate the presence in arabinogalactan of β-glucosidic bonds of pyranose cycles (Kacurakova et al. 2000; Zhou et al. 2009 ).
It is known that the chemical shifts of carbon atoms C1-C6 in galactopyranose links of the main chain of arabinogalactan are observed in 13 C NMR spectra of AG, respectively, at 103-104, 70-71, 72-73, 68-69, 75-76, 61-62 ppm (Goellner et al. 2011) . The 13 C NMR spectrum of AG isolated from larch wood by ethanol-water mixture contains the signals of all carbon atoms of β-galactopyranose links: C1-103.4 ppm, C2-70.8 ppm, C3-72.8 ppm, C4-68.7 ppm, C5-75.4 ppm, C6-61.1 ppm (Fig. S2) . In the FTIR spectrum of dihydroquercetin isolated from larch wood by ethanol-water mixture (Fig. S3) , the broad peak with the maximum at 3400 cm −1 corresponds to the vibration of the O-H linkage of phenolic and hydroxyl groups, the peak at 1640 cm −1 can be attributed to the carbonyl groups, the peak at 1150 cm −1 is due to the vibration of C aryl -O linkage, and the low-intensity peaks in the range of 780-810 cm −1 can result from the vibrations of C=C and C-H linkages of the aromatic ring (Boshkayeva et al. 2016; Li et al. 2016) .
The 13 C NMR spectrum of obtained sample of DHQ (Fig. S4 ) corresponds to the spectra described in the literature (Khlupova et al. 2016) .
13 C chemical shifts in the NMR spectrum of obtained sample of DHQ are given in Table S1 .
The average molar mass of arabinogalactan sample, obtained at optimal conditions of larch wood extraction by ethanol-water mixture, was determined by the gel chromatography method using a glass column (600 × 10 mm), filled by Sephadex G-100 to a height of 350 mm and 0.3% water solution of NaCl, as eluent. The average molar masses of AG sample are varied in the range of 7.95-14.10 kDa, corresponding to the degree of polymerization (DP) of 60-107. These DP values are smaller than those observed for the samples of AG isolated from Norway spruce heartwood (DP of 130-140) and from Scots pine heartwood (Willför et al. 2005) .
The sugar unit rations of the isolated AG sample from larch wood were determined using the GC analysis of sugars, obtained by AG hydrolysis, 2% HCl at 100 °C. The ratio of arabinose/galactose for AG sample was found to be 1:6.
Peroxide catalytic fractionation of larch wood
To optimize the process of extracted larch wood peroxide fractionation in the presence of TiO 2 catalyst, the influence of temperature, concentrations of hydrogen peroxide and acetic acid, liquid/wood ratio, time on the dynamics of lignin removal from wood was studied.
The increase in temperature from 70 to 100 °C, concentrations of H 2 O 2 from 3 to 6 wt%, CH 3 COOH from 15 to 35 wt% and LWR from 5 to 15 reduce significantly the content of residual lignin and hemicelluloses in the cellulosic product (Table 2 ). But at the same time, the yield of cellulosic product is decreased. The oxidative destruction of lignin, hemicelluloses and the amorphous part of cellulose in wood is accelerated when delignification temperature increased from 70 to 100 °C.
Delignification of larch wood at 70 °C during 4 h gives 60.2 wt% yield of cellulosic product containing 68.4 wt% of cellulose and 24.2 wt% of lignin. When raising the temperature to 100 °C, the yield of cellulosic product decreased to 44.2 wt%. The maximum content of cellulose in the product (93.1 wt%) was detected after 4-h delignification of larch wood at 100 °C. Under such conditions, the residual lignin was actually absent in this sample, and hemicelluloses amount was 5.8 wt%.
The influence of H 2 O 2 concentration on the yield and composition of cellulosic product was studied at 100 °C (Fig. 2) . In the presence of 2.0 wt% of H 2 O 2 , the yield of cellulosic product is 77.9 wt%, but it has a rather high content of residual lignin (17.4 wt%). When the concentration of H 2 O 2 increases, the content of residual lignin reduces, but the yield of cellulosic product is decreased simultaneously.
At the high H 2 O 2 concentration, the oxidation of wood carbohydrates occurs along with the oxidation of lignin. According to the data obtained, the optimum concentration of H 2 O 2 , corresponding to a high yield of cellulosic product (near 45 wt%) and to a low lignin content in cellulosic product (0.6-4.5 wt%) is 4-6 wt% (Fig. 2) . The increase in acetic acid concentration in reaction mixture decreases the yield of cellulosic product along with the reduction of residual lignin content (Fig. 3) . While acetic acid concentration was increased from 15 to 35 wt%, the yield of cellulosic product decreased from 50.1 to 45.0 wt%. Simultaneously, the content of cellulose in cellulosic product is significantly increased (from 85.3 up to 95.2 wt%). The concentration of acetic acid has also a strong influence on the residual lignin content. Its amount reduces from 9.5 to 0.3 wt% when the concentration of acetic acid is increased from 15 to 35 wt%. Experimental data presented in Fig. 3 show that the optimum concentration of acetic acid is nearly 25 wt%. This concentration allows to reach the rather high yield of cellulosic product (45.7 wt%) with high amount of cellulose (93.3 wt%) and low content of residual lignin (1.7 wt%).
The value of the liquid/wood ratio (LWR) also allows controlling both the yield and composition of cellulosic products (Fig. 4) . At liquid/wood ratio of 15-20, the cellulosic products have low content of residual lignin. The reduction in LWR to 10 increases both the amount of cellulosic product to 48.5 wt% and of residual lignin content to 6.4 wt%. A possible reason is a hindered diffusion of lignin oxidation products from wood to solution at low LWR. As a result, the small molecules of lignin oxidative fragmentation are re-condensed to so-called pseudolignin (Hu et al. 2012 ). According to the data obtained, an optimal LWR value for peroxide delignification of larch wood is equal to 15.
The kinetic study of larch wood peroxide catalytic delignification in the temperature range of 70-100 °C was accomplished. The variation of lignin concentration in the cellulosic product was used for calculating the rate constants of the delignification process. It was found that the process of peroxide delignification of larch wood in the presence of TiO 2 catalyst is described by the first-order equations (Fig. 5) .
The calculated rate constants of larch wood peroxide delignification are presented in Table 3 .
The activation energy of larch wood peroxide delignification process was determined using temperature dependence of the rate constants in Arrhenius coordinates (Fig. 6) . The rather high value of activation energy (88 kJ mol −1 ) points to the minor contribution of external diffusion limitations at the used conditions of larch wood peroxide delignification in the presence of TiO 2 catalyst.
The numerical optimization of the process of larch wood peroxide delignification in the presence of TiO 2 catalyst was carried out with the use of Statgraphic application software, according to earlier described procedure (Sudakova et al. 2013) . The main purpose of the analysis was to find conditions for the most complete removal of lignin from wood, while maintaining a sufficiently high yield of cellulosic product. As independent parameters, the following factors were selected: X 1 -the H 2 O 2 concentration in reaction solution, wt%; X 2 -liquid to wood ratio. The other process parameters were fixed: temperature 100 °C, concentration of acetic acid 30 wt%; TiO 2 1 wt%, time 4 h.
The following output parameters for optimization were selected: Y 1 -cellulosic product yield, wt%; Y 2 -cellulose content in the product, wt%; Y 3 -lignin content in the product, wt%.
Optimization was performed with the use of generalized parameter of optimization (W a ) which was calculated using the following equation: where δ-weight of the output parameter 0 ≤ δ j ≤ 1; d j -private utility function which was calculated using the following equation:
where φ 0 (x)-response of output parameter at the point X; y j (+) .y j (−) -best and worst values of the output parameters, within the studied region. Table 4 presents the data on conditions and results of experiments for the calculation of generalized parameter of optimization. When choosing weights δ, it was assumed, that the residual lignin content is the most important parameter. For this reason, this parameter got the weight equal to 1. The weights of such parameters as yield of cellulosic product and cellulose content in the product were chosen equal to 0.5. Table 5 shows the analysis results of the influence of the main factors on the generalized parameter of optimization W a . Analysis of variances showed that the effect of both factors X 1 and X 2 on the generalized parameter of optimizations is statistically significant (P value less than 0.05 and the confidence levels above 95%).
As a result of mathematical processing, the following regression equation was obtained:
Response surface of the generalized parameter of the optimization is presented in Fig. 7 .
It was found that the generalized parameter of the optimization is set to 0.752. This corresponds to the following optimal parameters of larch wood delignification process: temperature 100 °C, concentrations of H 2 O 2 6.0 wt% and of CH 3 COOH 30 wt%, LWR 15, duration 4 h.
The cellulosic product obtained by peroxide fractionation of extracted larch wood at optimal condition with a yield of 44.2 wt% has the following composition (wt%): cellulose 93.1, hemicelluloses 5.8, lignin 0.6. The structure of cellulosic product, obtained from extracted larch wood under the optimal conditions, was studied by XRD and FTIR methods. According to X-ray diffraction data (Fig. 8) , the sample of cellulose obtained by peroxide delignification of larch wood has the structure similar to the commercial MCC. Diffractograms of both cellulosic samples contain two intensive peaks with maximum 2θ equal 22.6° (plane 002) and 16.2° (plane 110). X-ray data suggest that the crystal structure of the cellulose obtained from larch wood is the monoclinic cellulose I (Nishiyama et al. 2002) .
The FTIR spectra of cellulosic products from larch wood and the commercial sample of MCC Vivapur are very similar (Fig. 9) . Both samples have an absorption band attributed to microcrystalline cellulose (Fan et al. 2012) . The absence of the peaks in the range of 1509-1609 cm −1 , which would correspond to C=C aromatic skeletal vibrations, in the spectrum of cellulosic product from larch wood indicates the absence of residual lignin in it. The absorption band at 1720 cm −1 points to the presence of hemicelluloses in cellulose from larch wood. The XRD and FTIR data make it possible to conclude that cellulose obtained at optimal conditions of larch wood delignification has a structure similar to the structure of microcrystalline cellulose Vivapur. But cellulose from larch wood contains more hemicelluloses and has higher degree of polymerization, lower crystallinity index and smaller average size of crystalline grains as compared to industrial MCC (Table 6) .
Thus, the results of the study demonstrate the possibility of effective fractionation of extracted larch wood biomass into microcrystalline cellulose and soluble lignin under mild conditions (100 °C, atmospheric pressure) in the medium "H 2 O 2 -CH 3 COOH-H 2 O-TiO 2 catalyst."
Development of the scheme of green biorefinery of larch wood
In a previous paper by Kuznetsov et al. (2017) , it was suggested to use the peroxide catalytic fractionation of wood biomass into polysaccharides and lignin as a key process of biorefinery of low-grade wood.
Based on this approach, the scheme of green biorefinery of larch wood biomass is proposed which integrates the optimized processes of biomass fractionation (Fig. 10) .
The new processes to obtain DHQ, AG, sulfated polymers of AG and MCC, lignin-based nanoporous materials use non-toxic and less-toxic agents, such as water, ethanol, hydrogen peroxide, acetic acid and sulfamic acid.
The new bioactive polymers, containing Cu 2+ ions and amino acids on the basis of sulfated AG, were synthesized earlier Vasilyeva et al. 2016) .
To obtain water-soluble copper-containing sulfates of MCC (Cu-MCCS), the ion-exchange method was first used. The procedure of the synthesis includes the following steps:
• Substitution of Na + to H + in the ion-exchange resin, containing −SO 3 groups. The copper content in the obtained Cu-MCCS samples varies between 12.6 and 14.1%. It was shown by XRD method that Cu-MCCS has the amorphous structure in contrast to the sample of the original MCC (Fig. S5) . FTIR spectrum of coppercontaining MCC sulfate was similar to spectrum of the initial MCC sulfate (Fig.  S6) . As shown by atomic force microscopy, the surface of the Cu-MCCS films consists of homogeneous crystallites which have a spherical or slightly elongated form with average size of about 70 nm (Fig. S7) . The surface of the film is homogeneous, and it contains no impurities.
The soluble lignin formed in the process of peroxide fractionation of larch wood is a light brown powder. The yield of lignin reaches 9-9.5 wt% on abs. dry wood. The lignin elemental composition (wt%): C-58.38; H-5.93. The low carbon content in larch lignin is probably due to the presence of high concentration of oxygencontaining functional groups, as observed for lignins, obtained by peroxide delignification of other types of wood in the medium of acetic acid water in the presence of sulfuric acid catalyst (Sudakova et al. 2010) .
The treatment of lignin by 0.4% solution of NaHCO 3 allows to produce the porous material with high sorption activities for iodine (35%), for methylene blue (88 mg/g) and for gelatin (75 mg/g). Its sorption properties are similar to the commercial enterosorbents "Polyphepan."
The active carbons with a high specific surface area (up to 2500 m 2 /g) are obtained by the use of a partial gasification of lignin in molten sodium hydroxide at 900 °C.
Conclusion
Green biorefinery of the larch wood is developed, making it possible to obtain a wider range of required products as compared to the known methods of larch wood processing.
The developed one-step green method to obtain DHQ and AG based on the water-ethanol extraction of larch wood allows to simultaneously obtain both compounds with high yields.
Based on kinetic studies and mathematical optimization of the process of extracted larch wood peroxide delignification in the presence of catalyst TiO 2 , the optimal conditions of wood effective fractionation into MCC and soluble lignin were selected.
The suggested scheme of green biorefinery of larch wood integrates the optimized methods of biomass fractionation into DHQ, AG, MCC, soluble lignin and subsequent processing of the primary products to the bioactive polymers and nanoporous materials.
Larch wood products have broad prospects for the practical applications. DHQ has antioxidant and capillary-protective properties, AG-hepatoprotective and immunostimulatory properties. Both substances are used in medicine and as nutritional supplements. Water-soluble polymers on the basis of sulfated AG have prospects to be used as anticoagulant agents and carriers for targeted drug delivery. Nanoporous materials from lignin can be used as enterosorbents and molecular sieves.
